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SECTION I

INTRODUCTION

._The need•e oguided missiles.ndaicrf t to undergo hit h
accelerations resul t5 in 'the- r-quiemn forflg-h-t-at high A
angles of attack. In order to design the vehicles and their
control systems, it is necessary to know what aerodynamic forces
and moments act on the body.,, Tests in wind tunnels to provide
-the --needed- -information -usual l~y _4_nvolve convent iona1_L supp~orts__

sin-j.o~r. .s-t rut-; tqiqifacts o . 1:h046 su4PPoits n 1_ iusumenti must be known -norde-rto interpret• th6etest resul-s. The -

support interference at small model incidence has been the sub-
ject of many experiments conducted in a wide range of environments .
for-many configurations. Very little data exist, however, for even
simple bodies at very-hligh. incidence, and-some of•,the.: tests.
indicate that rather large effects are introduced by supporting
struts, particularly at subsonic and transonic speeds (References
1 and 2).

The present test program investigates support interference
for a body of revolution supported by stings and struts. Measure-
ments were made to determine how support position, size, and shape I
affect the forces, moments, and base pressure acting on a fineness-
ratio 7.S ogive cylinder. In particular, the asymmetry of the .•i • ~flow and the corresponding side force and yawing moment ac'Zing -
on the body as affected by stings of various size and struts
having different positions and sweep angles were studied.
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SECTION II T4

BACKGROUND

At high angles :f attack the flow around a bodv exhibits i I
important separated vortex patterns whose effects dominate"the
induced forces and moments, :The flow around a body of revqlu-.tion will now, b5.i described rto provide physical in.ight.

. Zn recenz yeaz's!:the slow patterns-around- a •i~nder -body ati: I •!
high angle: of attack havy become, very well-known., as ha the
remarkable extennt to which the analogy between two- and:three, , J
dimensional flow fields holds. The elucidation of three- . .

dimensionafl f1ow fields' has b*een pursued by sevreral huhors
(References 1,: Z, andS). They have shown th-at thea,'-parated
vortical patterns on'the lee sides of bodies' xhibit fairly
well-defined phenomena, depending on angle of attack, approxi-
mately as follows foi, reasonably high Reynolds numbers .

2S 1 c A 60 Vortices form a steady asymmetric street which has
two major configurations. Whether one or'.:the
other occurs depends on two Mach number-related
quantities, Ma and Mc, the free-stream and cross.-7
flow Mach numbers, respectively.

(a) At some combinations of Mc and M., the
asymmetry begins very close to the body. In
this case, M. and M are usually low as in
region I of Figure •.

(b) When M. is high (._0.9 say), then at values of
MC > 0.5 (i.e. region II of Figure 1), the
pattern near the body shows a diffuse,
symmetric cloud and the asymmetry develops
well away from the body. The presence of
this pattern is often inferred from the
disappearance of the steady side forces
produced by the asymmetric pattern of (a).

These phenomena are discussed in more detail inReference 4. !7

60 s.c :S. 90 The vortices are unsteady. For a + 900 the Karman

vortex street can develop.

The phenomena discussed above occur in the approximate
regions summarized in Figure 1. Here, the regions of vortex
asymmetry beginning at the body are shown to be a relatively

2



... . . ..

small portion -of tl char HoWever, it is in this area..that anpsr•o& io t o at d oer per form their very high

IFI•- • "... a•~ e:m-ane~uversl. .... . . .i

likely that if the vortex patterns.b6ve .are artifi- '
cia41iyA4Ais-turbed-y-he.--e-ffect---w-ill-be---felt. in- tne--forCes7-and ...
moments induced on the body. Iis...

•- • ................ eis--.(rigure 2), whic, showed differences in body aerodynamic :4

characteristics between a base-mounted sting and a lee side strut A
support. The -angles- of attack shown-(-600 to 90'1 fall in the

-----.....-ran-ge.- -for ,unsteady-wakes.-: The model, when .supporte:d-by:a-con-
.vention- L roundsting -inserted-at -the model--ba s-e exp e-r-eie d - --a
di fforet -aerodynamic forces -and+m.mehtSr-ft6m :those fiýe::-e-t when .- -
it was supported by the strut mounted in the wake. The effect
is apparently most pronounced at lower free-stream Mach numbers.
Using the-analogy-between steady three-dimensional flow andi " unsteady-two-dimensional flow, an interpretation will now be I

j .. made of-the force and moment differences exhibited in Figure 2, 2
beginning with a discussion of recent investigations involving
wake-altering devices in two-dimensional flow.

A three-dimensional strut support has the two-dimensional
analogy in crossflow planes of a thin plate positioned in the

Swake at various distances downstream. Nelson and Mouch (Refer-
ence 2) have investigated the effects of such plates in two
dimensions at very low crossflow Mach and Reynolds numbers and
have discovered that the plates induce considerable differences .7
in wake pattern and crossflcw drag. A short, thin plate near
the cylinder will cause the asymmetric, oscillating wake to lose
its oscillating character and will reduce crossflow drag from
its high, subcritical Rec value (about 1.2) to a value of about
0.8. At some separation distqnce between the plate and cylinder
the oscillatory flow becomes reestablished and Cd rises rapidly
to 1.2again. By using these crossflow drag coefficients,
Nelson was able to correct three-dimensional, wind-tunnel,
normal-force data, obtained with a blade sting (i.e. strut) to
approximately that which would he expected with a base sting.
It is not clear, however, if a base sting is the optimum support
device for minimizing interference.

Based on the previous discussions and Nelson's results, it
is possible to interpret the data of Figure 2 as follows. It
appears that in the unsteady wake region shown (60 •. a* < 90)
the truly oscillatory (unsteady) three-dimensional wake responds
to the wake plate in very much the same way as in two dimensions.
For M• = 0.6, the asymmetry begins immediately behind the body
and a strut placed in this wake seems to act like a two-dimen-
sional thin plate. For M = 0.9, the wake will exhibit the

3



near-body, -symme-tric, :dist-ributed-.vorticity clouds discussed
- earlier. I.t-is -1-ess.likely--th.ata-pl-ate.in this flow will

induce large-p.attern or -force -changes .

..-

I4
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SECTION III

WIND TUNNEL AND TEST CONFIGURATIONS.

1. WIND TUNNEL

The Ames 14-Foot Transonic Wind Tunnel is a closed-return I
continuous flow wind tunnel. Its test section is enclosed in a .•

71 plenum and has slotted walls to reduce interference with the -i
model flow.at transonic speeds-.,,. The stagnation pressure is .•
atmospheric because tempe-rature control. is e-ffected by :passive ]
air ýexchange.with the exterior atmosphere. For this reason,
only the slightest control over Reynolds number at constant Mach
number is possible. Therefore, no effort was made to control
Reynolds number. A

2. MODEL -A

The model for the present study was a 7-inch-diameter
tangent-ogive cylinder of fineness ratio 7.5. The ogive was
sharp and had a fineness ratio of 2 [see Figure 3(a)].

The model was mounted on the internal force and moment
strain-gage balance in such a fashion as to pormit remote
adjustment of the roll position at any time during the test
without consideration for Mach number or angle of attack. Roll I
position was sensed by a ten-turn precision potentiometer
mounted on the pinion-gear shaft. The resolution of the model-
position indication was about 0.4 degree, but backlash in the
drive system degraded the achievable accuracy to ±1 degree.

Model surface finish, which has been found to be critical
in earlier basic investigations of the phenomena of asymmetric
vortex separation, was not controllable during this investiga-
tion. The interior of the Ames 14-Foot Transonic Wind Tunnel
is dirty and is subject to continuing flaking of paint. Further-
more, dust from outside the tunnel may gain access through the

i-,i air exchanger in the return path. The resulting sandblasting is
i•d so rapid that a short operating sequence started with a perfect

surface would end with a large number of craters, some with
burrs as high as several thousandths of an inch. It was there-
fore decided that only the most severe burrs would be removed
between tests so as to have a quite rough surface to start the
test of each configuration and to minimize the change in overall
roughness during the tests of that configuration. In an effort
to provide a single feature which would predominate over the
sandblasting burrs in controlling the flow asymmetries, the
model was equipped with a trigger near the apex. This trigger
was a ridge of epoxy glue approximately 0.015 inch thick by

S



A
0.060 inch wide which extended about 0.70 inch along one
generator of the ogive starting at 0.30 inch from the tip. The I
trigger was much larger than any of the burrs and was placed
near the nose in-order to achieve high effectiveness. I
3. STING AND HIGH-ALPHA STRUT -

The model was mounted, by wayof the balance, on a tapered
steel sting which extended S -model diameters-from the model
base to its mounting socket, as shown in Figure 4. Where the
sting exited the model base its diameter was 3 inches, to yield
a diameter ratio of 0.43. The socket was, in turn, installed
on the end of a massive strut mounted at a 45 degree angle from
the -wind tunnel main mode --support bodyof revolution. The
full range of angle of attack provided by this mounting arrange-
ment extended from approximately 34 degrees to slightly over A
73 degrees.

4. DUMMY SUPPORTS

In all tests the model was mounted on the sting support
system described above. The simulation of other support
arrangements was provided by adding thick sleeves around the ]

14 support sting. or by a strut simulator mounted as indicated in
4 Figure 3.

a. Dummy Stings
To investigate the influence of stings on the forces and

moments experienced by the model, dummy stings of various
diameters were mounted on the real sting [Figure 3(a)]. Extrap-
olating any observed influence of sting size to zero sting
diameter would then give the best baseline data free of inter-
ference from the supports. The baseline used herein, however,
is that obtained with the sting having d/D = 0.43. The dummy
stings were machined from wooden blocks to provide diameters of
4.5, 5.5, and 6.5 inches. The tapered holes were bored eccentric
to the axis of the exterior surface in order to offset a slight
asymmetry in manufacturing of the steel sting. Each dummy sting
was a right circular cylinder 14 inches long, and all dummies
were sharply boattailed at the downstream end. All were mounted
so as to provide a 0.25-inch (0.04 D) gap between the forward
end and the model base-closure plate. The sting-mounted base-
pressure tubes, four in all, projected about 0.06 inch into the
gap between the dummy stings and the aft closure plate of the
model, as indicated in the inset of Figure 3(a).

6
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b. Dummy Strut

The dummy strut (Figure 3(b)] was fabricated by laying up
a glass-reinforced plastic structure around a thin plate of oak.
The resulting structure had a chord of 7 inches (normal to the
long axis) dwasglightly over 1 inch thick withsemi-cy1indri-
cal leading and trailing edges.

Because it was necessary to maneuver the dummy strut during
the tests to align its chord plane with the axis of the model, a
compliant, rubber-cushioned mount was provided at the support A
end of the strut and two controllable guy wires were fastened AtO a fitting which passed through the dummy strut near its tip.
Two tip extensions were provided for the dummy strut: one forA
a sweep-back of 15 degrees and one for 45 degrees; the latter -1
is visible in Figure 4.

c. Dummy-Strut Support and Control

The base end of the dummy strut was fastened as appropriate
to either of two support blades, one windward and one leeward
[Figures 3(b) and (c)], by multiple-bolt joints which allowed
the dummy blade to move through a flapping angle of about 5
degrees with relatively little restraint. .

The outer part of the strut was provided., as noted above,
with a through fitting and adjustable cables, 0.125 diameter,
which extended through the tunnel side walls to electrically
driven actuators. The guy wires are visible in Figure 4(a),
slack, and Figure 4(b), taut. Load cells were provided so that
the tension in each cable could be monitored and maintained
within safe limits. These cables prevented aeroelastic
divergence of the dummy strut and allowed it to be positioned
as noted above. The alignment was monitored by means of a I

.4 closed-circuit television camera mounted in the air plenum
above the test section.

The support blades were mounted to the most convenient

portions of the basic model-support system. Vibrations of the
model-support boom are damped by means of the three-cable
tether seen in the background in Figure 4(a).

A
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SECTION IV

TESTS

The effects of supports on the observed aerodynamic charac-
teristics were determined from comparison of data obtained using
the various dummy supports with data obtained with the most
slender sting without the dummy support systems or with the
leeward support blade installed, as appropriate. The three
types of tests described below were conducted to permit the
required comparisons.

1. TEST CONFI*GURATIONS

Three types of test configurations were tested in order to
assess the effect of introducing the enlarged (i.e. dummy)
stings and the strut. For the sting-diameter case tests
included the model supported by the most slen~der sting and the
same configuration with dummy stings enclosing the slender
sting. !£or the leeward-strut results the slender-sting instal-
lation was augmented by the leeward support blade to provide a
basis for comparison with tests in which the strut was mounted
on the leeward blade. For the case of the windward strut tests,
the slender-sting results were used as a baseline; no tests
were conducted with the windward blade in the absence of the
dummy strut.

a. Test Sequence

In order to obtain a comprehensive sample of the aerodynamic
behavior of the model, a compromise was struck among increments
in angle of attack, roll angle, and free-stream Mach number.
The Mach numbers selected were 0.5 (the lowest at which the wind
tunnel could operate satisfactorily), 0.7, and 0.9) (a Mach number
at which earlier studies indicated greatly reduced effects of
flow asymmetry). The free-stream Reynolds numbers based on
model diameter were l.8x106 at M=0.5, 2.2x106 at M -0.7, and
2.4x10' at M = 0.9. The angles of attack selected covered the
full range possible; the angle of attack increments were either
S or 10 degrees depending on the need for a fine data mesh.
Nine roll positions (the last repeated the first) were set at
each test condition (Mach number and angle of attack).

b. Configurations Without Dummy Str-..,.

Five configurations were tested in which no dummy struts
were used. These were the baseline configuration with the
sting wrapped with a single layer of glass-reinforced plasticI
to secure the base-pressure tubes and the sting-fouling wire;

8



the baseline configuration with three dummy stings enclosing the
bare sting; and the baseline configuration with the leeward
support blade mounted in place. This last configuration was
tested to detect any effect of the blado on the airflow over
the model.

c. Teit Procedures

With the desired configuration in place and at the lowest
angle of attack, the wind tunnel airspeed was established at a
Mach number of 0.5. With these conditions, a complete data
readout was recorded at each of eight roll orientations (at 45
degree intervals) and repeating the first by cogmpltiing the
revolution. Following each set of roll-position settings at
constant Mach number and angle of attacl., the model was returned
at roughly constant roll rate of about 6 degrees per second to
the starting point. During this roll-back the outputs of the
main balance normal- and side-force gauges were recorded con-
tinuously along with the model roll position so as to record
in detail the complete variation of the applied forces as theyvaried with roll position.

Angle of attack was then increased to the next value and
the roll sequence repeated. Data were obtained at all Mach
numbers without stopping the airflow unless, as occasionally
occurred, either steady or unsteady loads threatened the
structural integrity of the configuration. Those instances
are implied by gaps in the matrix of data. After completion
of the angle-of-attack sequence, the model was returned to the
minimum angle of attack before increasing the Mach number.
During this return to minimum angle of attack, the normal and
side forces were recorded continuously on the oscillograph as
they were for the roll-back. These two records provided, then,
a roll sweep at constant angle of attack and an angle of-attack
sweep at one roll position.

d. Dummy Strut Configuration

Five configurations employing the dummy strut were tested:
four with the strut mounted leeward of the model and one mounted
windward. In all dummy-strut tests a gap as great as 1.0 inch
separated the strut tip from the model in order to prevent
mechanical interference. It was necessary to estimate the
deflections to be expected and to install the dummy strut so as
to rem~ip clear of the model but with minimum safe gap. In all
three installations with the dummy strut near the model base,
an effort was made to place the strut trailing edge such that
its forward extension would pass through the edge of the model
base in the position corresponding to the maximum expected
normal force. For the tests of the strut mounted at mid-cylinder

9



S~alignment of the strut mid-chord line to intercept the model
Ssurface at mid-cylinder was also sought for the same maximum-
Sdeflection case. Two tests were terminated before the complete
S~test matrix was recorded because of fouling.

, e. Dummy Strut Test Sequence
I For the tests of the five dummy-strut-con~f•8Ui-urftnS fewer

angles of attack were employed than for the other configurations. ..
I" • ~Morei•mp~ortlantly,. however, asymmetrio. air.loads sometimes deflec-
i : ~ted the model to the .side by more than one inch. In order to'•
i • simulate an aligned strut, it was therefore necessary to force
S• ~the dummy strut (against its own spring resistance and the sidej • force resulting from the sideWash acting on the model) -into ... _•

Sr ~technician every time a significa-nt ~ange in- model lateral
S• position Occurred. The strut position was observed by the
S- technician by means of a closed circuit television. The
i - accuracy of positioning was judgud by the proiect engineer to
i " be better than *0.25 inch; i.e., about 4 percent of the body

• diameter. The maximum side load, estimated from the load cell
. outputs, was about 300 pounds, which used the full safe load
S~for the cable employed.

JI
:IJ Following collection~ of data •t each of the nine roll

,• settings at each angle of attack, the model was rolled slowlyi to its initial position before setting the next angle of attack.
No adjustments of strut position were made duiing these roll-
backs because of the irregularity of the side forces and the4 danger of overloading the guy-wire system by erroneous control

• movements. Therefore, the roll-back records for the strut tests
•J are to some degree less representative of the desired results
S~than are those for the tests without the dummy strut.

I
S~As noted in the discussion of model surface finish, this

Swind tunnel, by' nature, is destructive of polished model surfaces -
S~because of dust and paint chips blown at high speed. Also this
• tunnel has a high turbulence level.

!II
!|
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SECTION V

RESULTS AND DISCUSSION

Table 1 lists the configurations tested. The nomenclature
for the printout is provided therein. Most of the results are
presented in graphical form in Figures S through 25 to illu-
strate the findings. Some portions of the data which show no
systematic effects of flow asymmetry or of support interference

are not presented graphically.

1. AERODYNAMICS OF BASELINE CONFIGURATION
AND EFFECTS OF STING DIAMETER

The 'test model mounted on the sting of minimum diameter
(baseline) is naturally a udember of the sting-diameter test
series. Therefore, the baseline data are described in this
section. The same data will be repeated in the discussion of

V the leeward support blade and ivindward dummy strut.

a. Normal Force

At each test condition- -angle of attack and Mach number- -the
balance and base-pressure data were recorded at eight different11roll positions (twice at ore roll position). The smallest o,1f
the observed values of normal-force coefficient. for the thinnest
sting is plotted as a function of angle of attack for the three

£Mach numbers in Figure 5. As the sting diameter was increased,A
the observed minimum normal force increased slowly at lcw anglesH
of attack at the lower Mach numbers and moie rapidly at the
higher angles of attack. These variations are plotted in
Figure 6. At M =0.9, only the largest sting caused a large
increase at angles of attack below 59 degrees.

As will be described later, the model was subjected to
large side loads despite its ostensibly symmetric geometry. The
normal force was frequently observed to change systematically

*with observed side force. Examples of this variation are
illustrated in Figure 7 for several tests at M - 0.50. The j
corresponding data for the higher Mach numbers are in Figures 8
and 9. It is to be expected that the systematic behavior should
be symmetrical about a side force of zero. The data indicate an
asymmetry which remained essentially unchanged with increasing
angle of attack. This suggests that the wind-tunnel ai.rstream
has a side-flow component.

At a fixed small angle of attack and with no real aero-
dynamic asymmetries, a side force can result from mounting the
model with a yaw angle in a straight airstream. Similarly, a
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side force can be developed on a model mounted straight if there
is sidewash in the airstream. In the former case, the side load
will approach zero as the angle of attack is increased to 90
degrees since the balance axis is perpendicular to the straight
airstream (only normal force would be experienced). If, on the
other hand, the side-force experienced at low incidence results
from sidewash in the airflow, the model will continue to experi-
ence a side force even at 90 degrees angle of attack relative to
the wind tunnel axis. The near constancy of the side-force biasI- from 31 to 72 degrees angle of attack suggests that sidewash is
Sresponsible.

Much more important than the apparent bias towards positive
side force is the sensitivity of normal force to asymmetric flow
about the model; increments in normal force as great as 30 per-
cent or more of the minimum were observed when the model was
simply rolled to eight different positions while holding a con-
stant angle of attack. Since this wide range of normal force
results solely from changes in roll position of an apparently
axially symmetric model, it is important to recognize the effects
of model-flow asymmetry. In designing a support system it is

E7- important to avoid altering this apparently natural asymmetry
and its effects on the aerodynamic loads.

The data of Figures 7, 8, and 9 show a weak tendency towards
increasing incremental normal force with increasing sting
diameter at a given side force. This tendency is in addition to
the stronger tendency towards increasing the minimum normal force
illustiated in Figure 6 and listed in Figures 7, 8, and 9. At
the highest angles of attack, large variations of normal force
were observed, again resulting solely irom changes in roll
position, even though he sidB force remained fairly small (see
Figure 9). This comparatively large variation (total range over
6 percenit for d/D - 0.78) is believed, for the reason outlined
below, to have resulted from accumulated damage to the model
surface during the many tests which preceded this series. Much
earlier in the test program, the baseline configuration with the
leeward support blade (but no strut) added was tested at the same
Mach number and angle of attack. "lhe leeward blade appears not
to have altered the average nLormal force felt by the model, and
it is considered ever. more unlikely the't it would alter the
range of normal force observed in a revolution in roll. These
data (in increments of CN form) are compared in Figure 10 with
the normal-forc( increments for all but thr largest dummy sting.
If there were no incremental damage between the leeward blade
test (flagged circles) and the baseline test (plain circles),
the total variation would have remained at 1.7 percent of the
normal force at t = 0 degrees. The protracted test period,
during which the model was fouled twice by the dummy strut, is
believed to be responsible for the change. It is felt that

12
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interruption of the test program for a thorough refinishing would
have reduced the increments noted in CN for the sting-diameter
series at the higher angles of attack.

A brief scan of the normal force data for moderate angles of
attack revealed no such smooth cyclic variation of normal force
with roll angle. The model asymmetry which yields the one cycle
of ACN in one roll cycle at a - 73 degrees probably does not con-
trol the flow asymmetry at lower angles. Instead, the normal-
force variations correlate with the irregular changes in side-force
discussed below.

b. Side Force

The effect of asymmetric flow on side force are well illus-
trated in the continuous records of side force as a function of
roll position for one combination of Mach number and angle of
attack (Figure 11). These records were made by an oscillograph
after measurements at the eight roll positions were completed
and while the model was being rolled at about 5 degrees per
second back to its initial position. The irregular variations
proved to be fairly repeatable in overall form but changed in
detail from run to run as evidenced by the data in Figure 11.
There is no discernible trend in side-force signature with
increasing sting diameter. The rollback records were compared
with the force-readout iecords of Table 2 to verify that the
eight positions tested gave a good representation of the complete
record.

The flow asymmetries which can yield large side forces are
known to be controlled by minor irregularities or asymmetries
in model or airstream. Just which model asymmetries affect the
results of a particular test is difficult to determine; in the
present test, a fixed asymmetry was provided in the form of the
trigger applied to the model nose. This trigger was easily the
largest asymmetry on the model. Had it been the only irregular
feature capable of affecting the flow, the side force data at
those roll positions where the trigger was effective would be
precisely antisymmetric about the roll positions at which the
trigger passes through the windward or leeward meridian. To
visualize this test of antisymmetry, consider one of the line
plots in Figure 11. If one cuts the plot in two at the roll
angle for antisymmetry (e.g., where the trigger passes through
the leeward meridian) and then swings one piece of the plot
through an angle of 180' degrees about the point where the
horizontal axis crosses the cut, the rotated plot will have a
reversal in sign conventions for both roll position and side-
force. As previously noted, a systematic positive side-force is
believed to exist in the data because of tunnel sidewash. The
curves of Figure 12 were constructed by folding the data of
Figure 11 about various roll positions until the best fit %as
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obtained. The cut-and-rotate point to give the best overall
overlay was at a roll position of about 0 - -117 degrees; the
roll angle at which the trigger passed through the leeward
meridian was measured to be about -118 degrees. The good match
suggests that the trigger was the principal irregularity influ-
encing the flow asymmetries in the vicinity of that roll posi-
tion. In contrast to this suggestion of antisymmetry at
* u -117 degrees, the data in the region of * = 63 degrees,
when treateo in the same way, show no evidence of antisymmetry.
It is concluded that the trigger was quite ineffective when
oriented within 30 degrees of the windward meridian at a S0O5
degrees.

Turning from the variation of side force with changing roll
position to variation with angle of attack, Figure 13 shows that
fairly orderly, nonrandom, changes in Cy from side to side occur
as the angle of attack increases. The angle-of-attack increment
between reversals appears to vary with roll position, and the
effects of Mach number at fixed angle of attack are different
for each roll position. That is to say, side force reversals .
may result from changing Mach number, angle of attack, or roll
position.

c. Normal-Force Center of Pressure

As sting diameter is progressively increased, the center of
pressure of the normal force acting on the model moves aft.
This effect is greatest at the lower Mach numbers and highest

: angle of attack, as seen in Figures 14(a) and (b). At Mach 0.7
and 72.2 degree angle of attack, the center of pressure moves
aft on the average of about 24 percent of the body diameter when
the largest dummy sting is installed over the baseline sting.
This effect is greatly reduced for the highest Mach number,
smaller stings, a-ad smaller angles of attack.

To put these trends into perspective, however, it is noted

that the change in center-of-pressure position at a given value
of d/D (depending on roll position, i.e., side force) can be as
much as 0.5D, about three times that resulting from increasing
sting diameter from d/D a 0.43 to 0.93. The large rearward
shift of the center of pressure as angle of attack is increased
from 63 to 70 degrees at M = 0.9 is not seriously altered by
interference of even the largest sting.

d. Side-Force Center-of-Pressure Position

The movements of the center-of-pressure position of the
side force were studied by comparing, systematically, plots of
side-force center of pressure and side-force amplitude versus
roll position for the four sting diameters. A few general
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observations can be drawn from the study of those test pairs
where the side force itself was fairly large, ICYl > 0.75, and
did not change greatly. (In general, the side force did remain
roughly Constant, but there were notable exceptions as well.)
At the lower angles of attack, i.e., <S5 degrees, the center-of-
pressure position of side force typically remained-stationary
(±0.1D) for all sting diameters tested. At an angle of attack
of SS degrees the side-force center of pressure appeared to move
gradually forward by about 0.4 diameter as the sting size was
changed from 0.43 to 0.93.

e. Forebody Axial Force

Unlike all other aerodynamic properties of the model, the
axial force, exclusive of base drag, varied only slightly as the
model roll position was varied for the tests with the smallest
sting diameter; a tendency towards reduced axial force with
increased side force was seen. While all of the drag measure-
ments are reported in the tabulated data, no analysis of the
influence (if any) of the sting diameter on forebody axial force
is included. High-speed flow between the dummy stings and the
base-closure plate [see inset in Figure 3(a)] probably produced
complicated pressure distributions which were poorly represented
by averaging the measurements at the four pressure taps.

f. Base Pressure

As mentioned above, the base pressure determinations for
all cases where the dummy stings were employed are of doubtful
utility. Therefore, the discussion here is limited to pointing
out the systematic increase of base drag with increasing side
force, shown in Figure 15, for the thinnest sting and for the
test with the leeward support blade in place. The narrow
passages between dummy-sting sleeves and the model closure plate
were not a factor in the tests with dummy struts, because only
the baseline sting was used. While even the most slender sting
doubtless altered the base pressure from its support-free value,
it is assumed without justification that any increments resulting
from inserting the strut were unaffected by the presence of the
sting.

g. Repeatability of Data

The rather unusual and occasionally unsystematic nature of
the data presented thus far raises the issue of repeatability
of test conditions and balance operation. The degree of both
short-term and long-term repeatability can be drawn from the
sting-diameter series when augmented by data to be used presently
for the dummy-strut analysis. The shortest-term repeatability is
indicated by comparison of data for i180 degree roll positions.

15
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These dozens of data pairs, which.are nominally identical,..gave.
the best direct checks 1 bocause the accumulated damage to the....,
model surface between the pairs of readings was minimal. An-addi-
tional comparison caft be drawn from two tests separated .byl.--1es-s- . .
than two hours of running. time by examining the plots of data-for
eight roll positions in nominally identical or closey- similar I
tests (see Figt.4e 16)6 The smal1 changes are appiaent-* ..r*- e . .. I
run many hours apart, one configuration with the leewar.d s.p-uppor-t-
blade and one without, refer to Figure 17. The comparison A.- .
cates only a moderately degraded re etition resulting from increased
opportunity for surface damage on the model. It is concluded that
major systematic changes in aerodynamic, loads resulted from changes -A
in sting diameter and not from progressive surface dama e. This

4same conclusion is assumed to apply to the results for lummy struts, -

as indicated in Figure 16. "

2. INFLUENCE OF DUMMY-STRUT SUPPORT BLADE

The possibility that the support blade, on which the dummy A:I strut was mounted for the leeward configurations, would -1
interfere seriously enough with the model's vortex wake to mask
the effect of the strut itself was investigated in a test using A
the leeward blade but no strut. The data obtained with this -1
installation are plotted along with those for the various A
leeward-strut tests as appropriate. The principal influence of
the support blade is a modest reduction of the forces acting on
the model, probably by virtue of a reduction in dynamic pressure;
the results in Figure 1S show that, except at the highest two
angles of attack at M - 0.5, no tendency to reduce or increase
the inherent asymmetry of the model flow field (i.e., side force)
is indicated. The apparent suppression of siee force at these
two test conditions does not persist when the leeward strut is
installed, as is noted later.

E 3. EFFECT OF LEEWARD STRUT AT MODEL BASE
In general, the influence of the strut on the aerodynamic

loads was very small for those cases where it intercepted the
'I model near the base. It must be emphasized, however, that at

high angles of attack the strut was immersed in the wake of the
sting so that its true influence if used in the absence of the
sting may not have been adequately determined.

a. Normal Force

The frequently systematic variation of normal force with
side force at several angles of attack and three Mach numbers is
illustrated in Figure 18. The results for model with support
blade and for model with support blade and dummy strut (two sweep
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:t f.



...... .... ....... .= .. . ... ... .... . . . ... .. .. ... . ..... .. .. •

-'angles _are presented In comprehens.4eve plots. ...For the._cases
-showing• htRsm'al. -maKmum.side fore, there :appearsj` t 'dua -sial.-
redction i-6n nomal foc6C res~ultn. rmadn h dfiystu•:. •.: ... . a : " . -it•::£ s Ed'i£a ly-. :51v•• i . :gn. i.uy. wkri '•s:`:.• :7. Zde~g-re .-e-s•::::. :an :9-":::!

and ~t~ ~ii~ybulk)moun~t and ii ie. A a i T e

normalI.fI rce--by-,about 5 .-P e-rc'Ont-j, bzr* sl1isht-l -mrethan. i-t .was..-.
appears to0be -only a slightly more serious effect on the normal
force, for ..the highly asymmetric cases (large side force). At
S= 50.-Tdegrees-and-M-M =,O-.5,` a-10-p er-cent- change is evident. .

. ... No-effect: ofstrut sweepback": an-g le As -noted -at a bv 50.7 degrees, . .

longer holds, the 15-degree sweep strut frequently yields a
20-percent increment in normal:force. Except in these latter
ca se~s,-- the. pro-gressive, slow reduction of normal force as more .
hardware is-:.-added remains clear. .. 1

b. Side Force

* There ..appears to be little or no evidence in the data of
Figure 18 that the leeward, aft-mounted strut affected the
development of flow asymmetries, because the side-force magnitude
remained similar except at the highest incidence. Here there
appears to be a suppression'of side force by the support blade
atM= 0 5.

c. Normal-Force Center-of-Pressure Location

The introduction of the leeward aft-mounted strut (15-
degree and 45-degree sweep angles) caused only small changes in
normal-force center-of-pressure position at all angles of attack
except 50.7 degrees at M = 0.5 [Figure 19(a)]. Here the shift 4I was typically 0.1 to 0.2 of the body diameter throughout the
"side-load range. A 10-percent forward shift was observed at
M = 0.7 at an angle of attack of 72 degrees. This coincided

[iI with the large decrease in normal force noted earlier.

d . Forebody Axial Force

The leeward, aft strut did not alter the axial force actir.g
on the forebody. No figure is included.

'1e. Base Drag

A strut placed in this position can affect the base pressurethrough two effects: (a) the thickness-distribution of the strut

can produce a change in static pressure in its wake and thus
alter the base pressure, and (b) the strut can alter the strength
of vortices passing near it by introducing the reaction vortices
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S :.. ' <.1
induced by the lift distribution arising from the incident body .1
vorie. The. new.. rsult.ing vortices Will! tend to • ppOse.. the I
initial set. In view of the large variation of base-drag with
side.-force acting on the baseline configuration, it. is felt
tha-t-the-7vo-rtex---in-f--luencee-is.ve-ry-Strong--and-that.-the strut, in I
fact, suppressed the vortex strength near the model base. At
the -highestane.oatakaM 0...teleadatsut-
yielded a 17-percent reduction in base drag even though it was
immersed in the wake of both model and sting. This result
[Figure 20(b)] suggests that -the sting itself may-be very
important. The results for M.- 0.9 are not plotted becauseS:the_-__reduction:.-in- base -drag- was- about equal to theresolu-tion in- I
-the data:....

"4. EFFECT OF WINDWARD STRUT AT MODEL BASE

The changes in aerodynamic forces acting on the model
resulting from adding the windward strut at the model base (45
degree sweep) were generally less than, or comparable to, the
expected uncertaintites in the respective quantities. The
results are detailed below.

a. Normal Force

The variation of normal force with observed side force is
shown in Figure 21 for several angles of attack and Mach numbers
for the model with and without the dummy strut in the windward
base position. A minute loss in normal force is suggested.
There is no evidence of alteration of the systematic variation
normal force with side force and none to indicate alteration of
the tendency to generate side forces. At the lower angles of
attack only modest scatter remains in the plots of normal force
versus side force, and these plots show little effect from the
strut. Similarly, the 15-percent range of normal force at

= 60.8 degrees, M = 0.5 persists. Underlying this apparent
residual scatter in results is excellent point-for-point
correspondence at the eight roll positions between the baseline
model results and those for the windward strut. The pairings
of tests at the same roll position can be recognized easily. It
is therefore concluded that the strut did not alter the flow
noticeably except to shield the rear portion of the model
slightly.

b. Side Force

The data in Figure 21 indicate the minimal effect of the
windward strut on the side forces exerted on the baseline model.
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c. Normal-Force Center-of-Pressure Position

Comparison of the center-of-pressure data for the baseline
and windward-strut configurations CFigure 22) reveals a small
forward shift and no change in the systematic variation of the
center-of-pressure with side force. The small forward shift is.
consistent with the modest reduction in normal force acting on
the aft portion of the model, as noted above.

d. Forebody Axial Force

Study of the data reveals no significant influence of the
strut on forebody axial force. Therefore, no data plot is-
included.-ll

e. Base Pressure

The windward strut appears to have had no significant j
effect on base pressure regardless of the side force acting on
the body. This finding reinforces the earlier finding that
interference with nearby vortices (and not thickness effects)
is the basic mechanism for reducing base drag.

S. LEEWARD STRUT MOUNTED AT MID-CYLINDER POSITION

This configuration is different from the others principally
in that the strut's effects on the wake of the model can be felt

d for a substantial distance aft of the strut itself.

a. Normal Force

At angles of attack up to 61 degrees, the normal force
acting on the model was only slightly reduced as a result of
installing the dummy strut for those cases in which the side

Sforce remained small (see Figure 23). With increasing side'
force the normal force is seen to increase as before, but the
reduction of maximum side force observed at the two lower angles
of attack resulted in a reduced range of normal force coeffi-
cients. At 50.7 degrees, on the other hand, the strut suppresses,
to a small degree, the normal-force increase even at large side
force.

At the highest angle of attack at M - 0.7, the normal force
was reduced by about 11 percent with the strut installed at mid-
cylinder. This loss of normal force is believed to be analogous
to the reduction of drag acting on a right circular cylinder in
two-dimensional flow resulting from installation of a splitter
plate in the wake (References 6 and 7). The oil-flow pictures
in Figure 8 of Reference 8 show that the surface streamlines on
the lee part of an ogive-cylinder model at 90-degree angle of
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attack are drastically rearranged by introduction of the dummyA
strut. A similarly drastic reduction of normal force accompanies
this change in configuration. Since the present strut can affect -
the body's wake flow both forward and aft-of its. own position,M
it is potentially more influential than it would be if placed
near the model base. 'In the latter case the reduction in normal
force was only about 5 percent [see Figure 18(b)]. The influ-T
ence is seen to be much.weaker at smaller incidence and at
M = 0.5 even at the highest angle of attack. Operation of this
configuration at M = 0.9 resulted in violent vibration of the
strut, so no data were obtained at incidence abova 42 degrees.

b. Normal-Force Center-of-Pressure Position

The plots of Figure 24 show that this placement of the

leeward strut appears to introduce systematic forward and aft

-c. Side-Force Center-of-Pressure Position

The mid-cylinder strut yielded forward movements in side-
force center of pressure position of about 1.0 to 1.6 diameters
even when the side force was substantial. For example, at '
M = 0.5 and a = 50.7 degrees, introducing the strut moved the
side-force center of pressure forward by about one diameter 7
even at a side force coefficient of 2.5. At the two highest
angles of attack, the mid-cylinder strut had no important

_ systematic effect on side force.

At M = 0.70 and 41.1 degrees angle of attack, the strut
interference moves the side force center of pressure forward by
about two diameters while reducing the force itself to one-third
the value recorded with only the leeward support blade in place.

2 While these large effects are of considerably importance, the
data are insufficient to establish trends; no figures are
included.

d. Base Pressure

At M - 0.5, Figure 25 shows that introduction of the strut
H at the leeward mid-cylinder position appeared to result in a

small reduction in base drag except at a =50.7 degrees, where
the base drag was reduced by 20 percent regardless of side force.
At 40.5 degrees angle of attack, the range of base pressure was
greatly reduced as was the range of side force in the strut-
present tests. At M = 0.7, a similar, but smaller effect on
base drag (10-percent reduction) was noted at 41.1 degrees angle
of attack. At a -72.0 degrees, a large reduction in base drag
resulted from the presence of the leeward mid-cylinder strut.
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SECTION VI

CONCLUSIONS

The present study of support interference on an ogive
cylinder at angles of attack has led-to the conclusion:that 1
a conventional sting entering the body at its base causes the
least, and most easily estimated, interference i•ath aerodynamic
loads. If a strut support must be used, it should-enter the
body. along the body's windward meridian. Use of an airfoil,*
or flat-sided strut located -in the frequently-unsymmetrical-
and/or unsteady wake of the model results in itajor and unpre-
dictable changes in the loads and base pressure acting on the
model. I

Two results of this study may be of assistance in under-
standing the complexities of the asymmetric flow. The first
of these is that various aerodynamic properties of the modelN correlated well with side force for those combinations of angle
of attack and Mach number associated with flow-field asymmetry.
The second is that the flow asymmetry may be directed left or
right by a small asymmetric trigger. The cases analyzed
suggest that a small bump near the nose is very effective if
placed near the leeward meridian and very ineffective when near
the windward meridian.

Finally, it is concluded that until the occurrence and
degree of asymmetry can be controlled in test and flight, it
will be necessary to utilize triggers in all relevant tests to
avoid missing the natural extremes of asymmetry.
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